Single-chain derivatives of the phage 434 repressor, termed single-chain repressors, contain covalently dimerized DNA-binding domains (DBD) which are connected with a peptide linker in a head-to-tail arrangement. The prototype RR69 contains two wildtype DBDs, while RR*69 contains a wild-type and an engineered DBD. In this latter domain, the DNAcontacting amino acids of the α3 helix of the 434 repressor are replaced by the corresponding residues of the related P22 repressor. We have used binding site selection, targeted mutagenesis and binding affinity studies to define the optimum DNA recognition sequence for these single-chain proteins. It is shown that RR69 recognizes DNA sequences containing the consensus boxes of the 434 operators in a palindromic arrangement, and that RR*69 optimally binds to nonpalindromic sequences containing a 434 operator box and a TTAA box of which the latter is present in most P22 operators. The spacing of these boxes, as in the 434 operators, is 6 bp. The DNA-binding of both single-chain repressors, similar to that of the 434 repressor, is influenced indirectly by the sequence of the non-contacted, spacer region. Thus, high affinity binding is dependent on both direct and indirect recognition. Nonetheless, the single-chain framework can accommodate certain substitutions to obtain altered DNA-binding specificity and RR*69 represents an example for the combination of altered direct and unchanged indirect readout mechanisms.
INTRODUCTION
Sequence-specific DNA-binding proteins usually recognize their target sequences by a combination of direct and indirect mechanisms. The direct readout mechanism is generally mediated by small motifs of the DNA-binding domain (DBD), like α-helical regions, as reading heads. Such small motifs, however, contact only a short (3-5 bp) DNA sequence and cannot, per se, confer specific and high affinity binding. This is usually achieved in transcription factors by homo-or heterodimer formation of DBDs and by recognition of closely located subsites of longer DNA targets (1) (2) (3) (4) (5) . Certain transcription factors contain covalently linked DNA-binding modules, e.g. the classical zinc finger proteins (6) , POU domain containing proteins (7) and the c-Myb oncoprotein (8) . This natural, covalent linkage strategy can be utilised in different ways to obtain artificial DNA-binding proteins. First, as was shown for the zinc finger proteins, individual modules with altered specificity can be designed or selected for given DNA triplets (see ref. 9 for a review) and then these modules can be combined in the covalent framework to recognize longer DNA targets (10, 11) . Alternatively, DBDs which are naturally not covalently linked, can be joined with designed or natural linkers to obtain single-chain DNA-binding proteins. Such proteins containing different (12) or identical (13, 14) DBDs, or engineered variants of the same DBD (15) , were shown to recognize the respective expected DNA sequences.
We have previously constructed single-chain derivatives of the phage 434 repressor, which belongs to the best studied members of the helix-turn-helix (HTH) family of DNA-binding proteins (16) . First, a homodimeric single-chain protein (RR69) containing two covalently linked DBDs (residues 1-69) in a head to tail arrangement was obtained by expression of a gene containing direct repeats of the 1-69 coding region (13). This molecular arrangement was then used as a framework to introduce, following the example of the 'helix-redesign' experiment (18) , amino acid changes into one of the domains to obtain a heterodimeric single-chain protein RR*69 (15) . In the engineered domain of RR*69, the DNA-contacting amino acids (-1, 1, 2 and 5 in the α3 helix) were replaced by the corresponding residues of the P22 repressor c2, which shows high degree of structural homology in its DBD to that of the 434 repressor (17) . In vitro and in vivo assays showed that RR69 bound to the natural O R 1 site of 434 and RR*69 bound to a chimeric operator (19) containing the consensus operator subsites of the 434 and P22 phages (15) . These single-chain proteins were therefore termed single-chain repressors.
Binding to a particular sequence by engineered DNA-binding proteins with a novel framework (RR69) and with amino acid substitutions in the recognition helix (RR*69) does not necessarily mean the exclusive recognition of that target. Mutant DNA-binding *To whom correspondence should be addressed. Tel: +39 40 37571; Fax: +39 40 226555; Email: simoncs@icgeb.trieste.it proteins often show broadened binding specificities. For example, zinc fingers can bind to a subset of targets, as revealed by rapid assays developed for this class of motifs (20, 21) . In fact, most specific, natural DNA-binding proteins recognize a set of related sequences (3) from which a consensus binding site can be derived. Examples most relevant to this study are the cI repressor of phage 434 and the c2 repressor of phage P22, which each recognize six different operator sites of the respective genome (22, 23) . These operators show sequence divergence mainly in the inner, spacer region, which is not in direct contact with the repressor as shown by structural (24) (25) (26) and/or biochemical studies (see ref. 27 for a review). The sequence of the non-contacted spacer has an indirect effect on the affinity of the operator for repressor in both the 434 and P22 systems (27) (28) (29) (30) (31) (32) (33) (34) .
Taken together, it seemed desirable to study further the DNA recognition by RR69 and RR*69. By isolating a set of DNA sequences which bind to these artificial DNA-binding proteins, we sought to answer if: (i) the specific recognition pattern, conferred by direct contacts of the 434 repressor, is maintained in the single-chain framework, (ii) the 434-P22 specificity change, obtained originally in the intact 434 repressor by slightly more extensive redesign (19) , could be transferred to a domain of the single-chain repressor without the apparent broadening of the specificity, (iii) the conserved spacer length observed in the natural operators is preserved in the selected DNA ligands, (iv) the DNA-binding of the single-chain repressor is indirectly influenced by the sequence of the non-contacted spacer region. Both the 'wild-type' RR69 and the mutant RR*69 were used in this study in order to reveal possible common recognition principles which may be due to the common single-chain 434 repressor framework. Our experimental approach to these problems was based on binding site selection from randomized DNA pools and binding affinity determination of the selected ligands. To complement the repertoire of the selected ligands, certain mutations were also generated by targeted mutagenesis. No binding site selection data that we are aware of are available for the 434 repressor. Therefore, this experiment was also performed and the results are compared with those obtained for the single-chain repressors.
MATERIALS AND METHODS

Vectors and proteins
Vector construction, protein expression and purification were as previously described (15) .
Oligonucleotides and random DNA pools
Oligonucleotides were synthesized by the ICGEB oligonucleotide service or by Primm s.r.l. (Milan, Italy). The oligonucleotides containing randomized sequences were TCCGGCTCGTATGTT-GCATAN 3 AAGAAN 5 RTATGAGGACAGCTATGACC (N8.5) and TCCGGCTCGRATGTTGCATACAAN 14 ATGAGGAAAC-GACTATFACC (N14); the sequences corresponding to the PCR primers TCCGGCTCGTATGTTG (AT421) and GGTCATAGCT-GTTTCCT (AT422) are underlined and interrupted boxes for an NdeI site are shown in bold. The underlined and bolded sequences are identical to sequences flanking the unique NdeI site of the pRIZiO (-) vectors (15) and serve to clone the selected sequences by loop insertion mutagenesis. These were purified by electrophoresis using acrylamide-8 M urea gels. The randomized oligonucleotides were made double-stranded by primer extension using AT422, Klenow polymerase and dNTP and the double-stranded fragments were purified by electrophoresis on 10% polyacrylamide gel (19:1 acrylamide/bisacrylamide). Targeted mutations in the operator region of pRIZi vectors were obtained either by cloning a mixture of linkers (obtained from the oligonucleotides TACAATAAAANT-TAAA and TATTTAANTTTTATTG, where N = A, C, G or T) into the NdeI site of pRIZiO(-) vector or by site directed mutagenesis of cloned operators with primers CATACAATAAAACTTBAATATG-AGGAAACA (AT501, B = C, G or T) and CATACAATAAAACT-TABATATGAGGAAACAG (AT502).
Binding site selection and cloning of the selected sequences
Selection of binding sites for RR69 and RR*69 from N8.5 random DNA was performed by a method that uses electrophoresis to isolate the bound DNA (35) . Binding reactions (25 µl) were performed in binding buffer A (50 mM NaCl, 5 mM MgCl 2 , 0.2 mM EDTA, 20 mM HEPES, pH 7.9 and 5% glycerol) containing 0.5-1 pmol 32 P-end-labeled N8.5 DNA, 0.5 µg poly(dI-dC) (Pharmacia) and 200 nM repressor protein for 40 min at room temperature. Eight selection cycles, including binding reaction, bound DNA isolation, PCR (25 cycles of 94_C, 58_C and 72_C, 30 s each, 0.5 µM primer), gel purification of the amplified DNA and 5′-end-labeling, were performed.
Selection from the N14 random DNA with RR69, RR*69 and 434 repressor cI was performed by employing nitrocellulose filtration to separate the bound and unbound DNA (36) . Binding was performed in binding buffer B (200 mM KCl, 2.5 mM MgCl 2 , 1 mM CaCl 2 , 0.1 mM EDTA, 25 mM Tris-HCl, pH 7.2) containing 0.5-1 pmol N14 double-stranded DNA and repressor proteins. The protein concentration was gradually decreased, as the selection progressed, from the initial 200 nM to the final 10 nM (RR69 and cI) or 6 nM (RR*69). The KCl concentration was 100 mM in the first three cycles, and the binding reactions contained 2 µg/ml poly(dI-dC) from the sixth selection cycle. The binding mixtures were filtered through nitrocellulose membrane (BA85, Schleicher & Schüll) using a slot blot manifold (PR600, Hoefer) and the filter was washed with 1 ml binding buffer B. The bound DNA was recovered by soaking the filter slice in 200 µl 0.1 M NaOH followed by neutralization with 15 µl 3 M NaOAc (pH 5.2) and ethanol precipitation in the presence of 10 µg glycogen (Boehringer, MB grade). PCR was performed as above, but it was limited to 15 cycles and the concentration of the primers was increased to 2.5 µM. The PCR products were purified by using the Qiaquick PCR purification kit (Qiagen). This step caused severe loss (at least 70%) of the 55-57 bp long products, but it allowed for rapid progress (two selection cycles per day). The number of the selection cycles was 12 (RR69 and RR*69) or 10 (cI). The progress of the selection was monitored by testing the selected population after certain selection cycles in electrophoretic mobility shift assay (EMSA). The DNA probes used in these assays were obtained by PCR labeling of the selected pool with 32 P-end-labeled AT422 and unlabeled AT421 primers.
Cloning of the selected sequences was performed by loop insertion mutagenesis. Single-stranded oligonucleotide population was prepared after the final selection cycle by asymmetric PCR (37) using AT421 and AT422 primers in a molar ratio of 50:1. Following gel purification and 5′-phosphorylation, mutagenesis was performed on uracil-containing single-stranded DNA templates (38) of pRIZ′O(-) vectors (15) . To minimize the background of the non-mutagenized vector, NdeI cleavage was performed before transformation. The RR69 and cI selected sequences were inserted into pRIZ′O(-)RR69, while those selected for RR*69 were inserted into the pRIZ′O(-)RR*69 vector, to obtain pRIZ′O x RR69 and pRIZ′O x RR*69, respectively, where O x stands for the selected operator analog. Randomly picked clones were sequenced by using the T7 sequencing kit (Pharmacia) and the AS181 primer (15) .
EMSA and binding affinity determination
Radioactive DNA probes (∼160 bp) were obtained by PCR using the corresponding pRIZ′Ox plasmid template, 32 P-end-labeled AS181 and unlabeled AT404 primers (15) . Apparent K d values were obtained by determining the protein concentrations at half-maximal binding in protein titration experiments as described (15) . The ratio of bound and total DNA probe was obtained by the evaluation of fixed and dried gels with InstantImager (Packard) and the data were evaluated by Kaleidagraph software.
RESULTS AND DISCUSSION
Selection of binding sites
Selection of binding sites from two different degenerate DNA pools for RR69 and RR*69 was performed by using two selection methods which differ in the technique of separating the bound and unbound DNA fractions. The selection and cloning scheme is outlined in Figure 1 . We used the loop insertion mutagenesis method since it allowed us to introduce the selected sequences precisely into the sequence context of reference operators, previously cloned in the same vector (15) . Accordingly, the PCR arms of the degenerate oligonucleotides were designed to correspond to vector sequences flanking an operator insertion site located between the lac operator and the lacZ′ reporter gene. The clones obtained in this way can be used to study, both in vitro and in vivo, the interaction between repressors and operator analogs in the same way as described for the reference operators (15) .
The N8.5 pool, containing two randomized regions was used in the initial experiments. The full sequence is listed in Materials and Methods and the central region is shown in Tables 1 and 2 . The degenerate regions together with adjacent residues could provide consensus boxes for both domains (ACAA and CTT.A.T were expected for R and R*, respectively) with a variety of spacing. By using this pool, we wanted to see whether these boxes were present in the selected sequences and that their spacing corresponded to those found in the 434 operators or in the rationally designed (19) 434-P22 hybrid operator O R* 1 (15) . The results of these selections and experiments with operator analogs of altered spacing (15) showed that both the presence of the consensus boxes and their proper spacing are important for high affinity binding. However, two observations prompted further studies. Firstly, sequences containing imperfect P22 consensus boxes that sometimes showed a higher affinity than those with perfect boxes were also found. Secondly, both the sequence of the spacer region and the identity of intervening bases in the discontinuous P22 box seemed to influence the binding affinity. Since in the N8.5 pool parts of these positions were fixed, we designed a new random pool, N14. This pool contains a fixed 434 operator box ACAA followed by a 14 residue long, fully degenerate region for selection of the spacer and the other consensus box. Selections from N14 were performed for RR69, RR*69 and cI by using the Progressive enrichment of the binding sites during selection from the N14 pool for RR69 (A) and for RR*69 (B). EMSA was performed by using the selected pools as 32 P-labeled probes and the corresponding protein at 10 nM concentration. The number of the selection cycles are shown over the lanes. Lane 0, shift with the starting N14 library; only trace amount of shifted band was seen even by using 500 nM repressors (not shown).
nitrocellulose filtration technique originally applied to the selection of Sp1 binding sites (36) . By gradually increasing the stringency of the binding conditions in the subsequent cycles, high affinity ligand populations could be isolated for all three proteins. The progress of the selection for RR69 and RR*69 binding sites is shown in Figure 2 . Similar results were obtained with cI. In this case the selected population showed equally high binding affinity for cI and RR69 (not shown). The selected operator analogs and their binding affinities for the corresponding protein(s) are listed in Tables 1 and 2 .
Analysis of the selected sequences
Consensus sequences were derived from the sequences selected from the N14 pool (Fig. 3) . The individual sequences can be analyzed by making a correlation between their sequence similarities to the consensus and their observed binding affinities. The sequences obtained from the N8.5 pool are not included in the consensus calculations because certain positions were fixed in this pool. However, these sequences are equally important in our analysis since certain members are identical or very similar to some N14 derived sequences and certain other members show such sequence deviations from the consensus which are not found in the N14 selections. We focus our discussion on the following points: (i) the symmetrically arrayed outer four bases, or contacted regions obtained in RR69 and cI selections; (ii) the length and common sequence features of the spacer, or non-contacted region obtained in all selections; (iii) the outer or contacted bases selected by the R* domain of RR*69.
The homodimeric RR69 and the natural cI repressor contact identical bases at the outer regions of the operators
In the natural 434 operators the contacted region is, with one exception, ACAA or its 2-fold rotationally symmetric TTGT (22) . Substitution of any of these bases, in the context of the 14mer reference operator (39) , was previously shown to reduce the binding affinity by at least 100-fold (24, 40) . Two RR69 selected sequences (a10 and b13 in Table 1 ) with such substitutions were found, which showed the corresponding affinity decrease relative to O R 1 or to other selected sequences containing the same spacer sequence as these mutants but perfect outer boxes (see a10 versus a3 and b13 versus b7). The 4A→4G mutation in b13, which is probably PCR related, results in an outer box present at one side of O R 3. The affinity of b13 is much lower than that of O R 3 or of the O R 1 derivative, O R 1-4G, which contains the same mutation in position 4 (32) . This lower than expected affinity is probably due to the conformational rigidity of the GG base step, present in positions 4 and 5 of b13. A similar effect is likely to be responsible for the low affinity of the a9 sequence: it contains perfect outer boxes but also a run of GCG in positions 7′ to 5′. All other RR69 selected sequences contain the consensus outer boxes and show a somewhat variable, but high affinity for RR69. The affinity changes of the selected ligands for RR69 and for cI were roughly parallel (Table 1A) . These results show that the ACAA outer boxes are required for operator recognition by RR69 and no substitution can be made without substantial loss of binding affinity.
The sequences selected by the single-chain repressors and the cI repressor share common features in the spacer or non-contacted region
The outer, contacted boxes in the 434 operator sites are separated by 6 bp (22). Previously we showed that altered length spacers (5-10 bp) caused a drastic binding affinity decrease for RR69 and concluded that the interdomain interaction in the DNA-bound RR69 apparently overrules any orientational flexibility allowed by the relatively long linker (15) . The present study confirms these results and also shows that both RR69 and RR*69 require 6 bp separation between the respective contacted operator boxes. The hybrid 434-P22 reference 16mer operator (19) , here and in the previous study (15) termed O R* 1, contains 5 bp between the 434 and P22 consensus boxes. The selection and directed mutational studies (see below) showed that the innermost C base of the P22 consensus box (position 7′ in Fig. 3C) is not contacted by RR*69, therefore the spacer in the RR*69 selected DNA ligands is also 6 bp long.
As summarized in Figure 3 , the spacer in the selected sequences shows conserved features. At position 5, a preference for G by all three proteins is observed. Structural studies showed that the identity of this base affects the repressor interaction with base pair 4 (24, 25) , and systematic changes at this position also showed repressor preference for 5G (24) . On the right half-site of the RR69 or the cI selected sequences, a less clear preference for C or A is seen at the corresponding 5′ position. Binding affinity data also support these preferences: sequences with both 5G and 5′C are usually the strongest binders (see, e.g., b1, b2 and b3) and stronger than those with only 5G or only 5′C in the same sequence context (see b1 versus b7 or b8).
The inner four bases (6, 7, 7′ and 6′ in the RR69-or 6, 7, 9′ and 8′ in the RR*69-selected sequences) are predominantly, while the central two bases (7 and 7′ or 9′) are exclusively A or T in the N14 derived sequences. At the same time, the N8.5 derived sequence a9, which contains a GCG sequence from 7′ to 5′ positions, shows very low affinity for both RR69 and cI. These results are in agreement with the observed effect of the non-contacted bases on the operator affinity for the 434 repressor (28) . This latter study showed that any change in the inner ATAT sequence of the 14mer reference operator for C or G reduced the operator affinity for both the intact repressor and R1-69 and that this negative effect was especially large when the central bases 7 and 7′ were changed. A correlation between the observed binding affinities and the predicted likelihood of DNAflexure, based on sequence dependent bending preferences in the nucleosome (41), was established (42) . The sequence dependent effects, on the other hand, are explained on the basis of the different 'twistabilities' (29) or torsional flexibilities (27, 30) of the central sequences. The structure of R1-69/operator complexes show that the operator DNA is distorted and different operators take up a particular DNA backbone conformation upon repressor binding. This conformation can generally be characterized by a slight, twocentered bending toward the DBDs and an overwound central region with a compressed minor groove. The affinity of the operator for the repressor seems to depend on the ease with which this conformation can be achieved, independent to the differential changes of various helical parameters upon complex formation with different operators. Our results indicate that, similar to the 434 repressor, RR69 and RR*69 can easily bring about these changes in operators containing either alternating A-T/T-A pairs or runs of three or more A-T pairs in the central region. Structural data for complexes containing such operator motifs exist (24) (25) (26) 39) and show different conformational adaptations of the base pairs of these motifs to a common DNA backbone conformation, imposed upon by the repressor.
In summary, the present results that the intact repressor and the single-chain repressors select operators with a conserved spacer length and similar spacer sequence motifs further support our previous results (15) which indicated that the spatial arrangement and the interdomain contacts of the covalently joined DBDs in the DNA-bound single-chain repressors should be very similar to those observed for the isolated DBDs in the R1-69/operator complexes. The results also suggest that the set of non-specific contacts between the DBDs of the single-chain repressors and the sugar-phosphate backbone are very similar to those observed in Nucleic Acids Research, 1997 , Vol. 25, No. 11 2059 the R1-69/operator complexes (24, 25) . Thus both the proteinprotein and protein-DNA backbone contacts, which were observed for the isolated DBD and shown to cause conformational changes in the operator DNA (24, 25) , seem to be maintained when the single-chain repressors bind to operator DNA.
The R* domain of RR*69 selects a consensus TTAA sequence but mutational analysis shows it has a relaxed specificity Analysis of the P22 operator sites for the c2 repressor and genetic data established a discontinuous CTT.A.T consensus sequence at the operator half-sites (23) . It was shown previously that 434 repressor analogs containing the redesigned α3 helix (18) in the whole repressor (18, 19) and in the single-chain framework (15) recognized this sequence, but these studies did not reveal whether the whole sequence was required for recognition. The results of this study, as detailed below, suggest that the optimum recognition sequence is 6′-TTAA-3′ and that the corresponding base pairs, with the possible exclusion of the 4′ pair, are contacted by the amino acid residues of the α3 helix of the R* domain.
The results of the N8.5 selection showed that the individual bases in the 7′-CTT.A.T-1′ sequence may not equally contribute to the high affinity binding. In this experiment, the two domains of RR*69 could select hybrid operators in two different orientations with respect to the lac promoter: P lac -(P22-434)-lacZ′ (see Table 2A , a*1-a*18) and P lac -(434-P22)-lacZ′ (Table 2A , a*19-a*23). The 7′C and 1′T bases may not be major recognition determinants, since their presence in the first group did not require selection, and they were both absent in sequence a*22, which showed high affinity binding. On the other hand, a slight preference for A at the 4′ position could be observed. It was also seen that the non-contacted region, which was partly derived from fixed bases, influenced the binding affinity.
A more stringent selection from the N14 pool provided a population of high binding affinity, which contained a better consensus sequence for both the non-contacted and the contacted regions (Table 2B and Fig. 3C ). The highly consensus 6′-TTAA-3′ sequence was found in the putative contacted region. The dinucleotide 6′-TT-5′ was present in all selected sequences and seemed to be absolutely required for high affinity binding, since all those sequences that were obtained at earlier stages of the selection (after six and nine cycles, results not shown) and that lacked one of these T residues showed strongly reduced (25-100 nM) binding affinities. It could be concluded again that the 7′ and 1′ residues are probably not specifically contacted. At the 7′ position, predominantly A and G residues were found, but the few sequences with 7′C or 7′T also showed reasonably high binding affinities. T residue was mainly selected at the 1′ position, but sequences with 1′A or 1′C were also found.
The roles of the individual residues in the 7′ to 1′ region, with the exception of 6′-TT-5′, were further defined by directed mutational analysis of certain residues (7′, 4′ and 3′) in the sequence context of the O R* 1 operator, or by comparing the binding affinities of those selected sequences which differed only at the 2′ or at the 1′ position. The results of the mutational analysis are summarized in Table 3 . This shows that there is no strongly preferred residue at the 7′ position. We have noticed that the affinity order for the 7′ mutants of O R* 1 does not correlate exactly with the statistical occurrence of the selected 7′ residues: this could be due to differential context effects on the affinity and/or kinetic stability of complexes with different residues at the 7′ position. Of the 4′ mutants, the 4′T derivative showed only 1.5-fold, and the 4′C mutant 6-fold lower affinity than the reference O R* 1 with 4′A. These residues are also present at the corresponding position in a few P22 operator sites (23) . The results of the selection (Fig. 3C) showed a stronger bias for 4′A than could be expected on the basis of the affinity data. At the 3′ position, replacement of A with any other residue led to substantially lower binding affinities. The roles of the 2′ and the 1′ residues were analyzed in constant sequence contexts by using various groups of the N14 selected sequences as described above. Such groups are, for example, the b*14, b*15 and b*16 sequences (difference at the 2′ position) and the b*18, b*20 and b*21 sequences (difference at the 1′ position) of Table 2B . These and a few other examples taken from Table 2B showed that the sequences containing A or T residues at these positions had only slightly (t2-fold) higher binding affinities than those containing C or G residues. Thus it can be concluded that the 2′ and 1′ residues are not specifically contacted by the R* domain of RR*69. The results of the selection and mutagenesis studies show that the base pairs contacted by the R* domain of RR*69 are located in the 6′-TTAA-3′ region. Structural predictions for the amino acid side chain-base pair interactions should be largely speculative. The relaxed specificity, observed especially at the 4′ base pair, suggests that alternative networks of direct or solvent-mediated contacts could be formed at the protein-DNA interface. Structural data for the P22 repressor/operator complexes, which may help to elucidate a network of such contacts are not available. On the other hand, the structure of the 434 repressor/operator complexes should be mainly considered, since the observed, surprisingly similar effects of the non-contacted operator sequence on the binding affinities of RR69 (or cI) and RR*69 suggest that the non-specific contacts provided by the 434 domain residues are also similar. These contacts should influence the positioning of the changed α3 helix into the major groove of the DNA. It is also to be considered that all changed amino acid residues in the R* domain have shorter side chains than the corresponding 434 amino acid residues, which implicate a more intimate insertion of the changed α3 helix into the major groove. Based on these considerations, we presume that Gln33 (unchanged 434 residue) interacts with 6′T in a way similar to that seen in the R1-69/operator complexes (for an overview of the contacts between the DBD of the 434 repressor and O R 1, see figure 6 of ref. 24 and figure 1A of ref. 40) . The Gln28 equivalent in the R* domain, Asn28 may interact with the 3′ A-T base pair, probably by donating a hydrogen bond to the O4 of the T residue. The Val29 residue is likely to make a hydrophobic contact with 5′T and could also contribute to the formation of a hydrophobic environment for the T residue of the 4′A-T base pair. Alternative interactions including Ser32 may also be possible; for example, its interaction with the A residue of the 4′T-A base pair of the 4′T mutant operator could explain the relaxed specificity observed at this position. The 7′ residue is conserved in the P22 operators and is probably specifically contacted by the P22 repressor, but it does not seem to be contacted by the R* domain. The relaxed specificity of the R* domain in RR*69 could be partly due to the lack of this contact. These predictions are based entirely on studies of operator variants and are not complemented by mutational analysis of the putative DNA-contacting amino acid residues. Compared to the proposed models for the P22 repressor-operator interaction (43-45) the predictions of this study are in best agreement with the model based on mutational analysis of both the operator and the repressor (45) . Predicted and actual structures may show substantial differences. The structure of the R1-69/O R 3 complex shows how a single base pair replacement (at the non-consensus half-site of the operator) can lead to such extensive changes in the protein-DNA interface (26) , that could hardly have been predicted. In the present study, there are multiple changes in both interactive partners compared to the R1-69/operator complexes, which were used as 'templates' for prediction.
In vivo function of the selected operator analogs
The selected sequences were cloned into a vector which contains the respective gene coding for the single chain repressor (Fig. 1 ) and were tested as described (15) . In vivo interaction between repressors and operator analogs could be detected for all tested operator analogs, but no quantitative correlation between the observed in vitro binding affinities and the in vivo repression levels could be established. By testing some of the operator analogs selected by RR69, we observed that the repression levels varied between 2.5-and 4-fold, meanwhile the apparent K d values varied between 0.4 and 3.2 nM. Even the low affinity (200 nM) a9 sequence showed detectable, 1.3-fold repression. Similar results were obtained with the members of the RR*69 selected sequences (not shown). The main reason for the lack of more accurate in vivo discrimination is probably due to the high intracellular concentration of the single-chain repressors, as previously discussed (15) .
CONCLUSIONS
Single-chain derivatives of the 434 repressor (RR69 and RR*69) recognize highly consensus DNA sequences containing a 14 bp long core sequence. The outer four bases of this sequence are contacted by the amino acid residues of the α3 'recognition' helices and are separated by a 6 bp long spacer or non-contacted region.
The homodimeric RR69 recognizes the general sequence ACAA-6 bp-TTGT, which is identical with the consensus of the natural 434 operator sites and with that of the operators selected for the natural 434 repressor in this work.
The heterodimeric RR*69 recognizes the general sequence ACAA-6 bp-TTAA. The mutant R* domain shows relaxed specificity compared to the wild-type R domain, as base substitutions in the consensus TTAA box cause less dramatic affinity decrease for RR*69 than substitutions in the ACAA box cause for the 434 repressor. The R* domain in RR*69 is also likely to be less specific than the DBD of the wild-type P22 repressor. Detailed specificity studies for the R* domain in the corresponding non-covalent heterodimer (19) are not available, but we assume that the R* domain has the same specificity in RR*69 as in the whole 434 repressor.
The non-contacted regions selected for both single-chain repressors and for the 434 repressor show remarkably similar common features. The sequence-dependent indirect effect of the non-contacted region on the affinity of repressor binding, observed for the 434 repressor, seems to be maintained in the interaction with the single-chain repressors. In addition, all three repressors prefer a short, A + T rich stretch at the outer side of the contacted regions.
The combination of the maintained indirect effects of the non-contacted region and the altered specificity direct contacts (as shown for RR*69) can lead to highly specific recognition of long DNA targets. Such a recognition was previously demonstrated for the zinc finger proteins. The best studied members of the class I zinc finger proteins and their mutants recognize G + C rich sequences (3,9-11,20,21,46-49) although a prototype with A + T rich binding sequences has also been reported (50) . The single-chain repressors of this study also prefer A + T rich sequences. However, by using combinatorial libraries and in vivo selection techniques as proposed previously (15), it may be possible to isolate single-chain repressor mutants which recognize long DNA targets of more balanced base composition.
